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REVISION HISTORY
Revision 5, Version 2.3, February 2016

In this revision, the following describes the calibration changes from Version 03 (V03) GPM
Microwave Imager (GMI) Level 1B (L1B)/Base to Production Version 04 (V04) GMI L1B/Base.

1. Adjustment of spillover coefficients of all GMI channels. This adjustment is the major
improvement from V03 to V04 in GMI antenna pattern correction (APC). The adjustment of
spillover is based on the data from GMI inertial hold and refinements of the analysis performed
by the GMI manufacturer. Table 2.12 shows comparisons of APC coefficients reflecting the
changes due to spillover adjustments. Brightness temperature (Tb) changes vary from channel
to channel and are functions of brightness temperatures. Figure 2.32 demonstrates the Tb
changes for all channels in their normal temperature range. For channels 1-5, Tb reduced ~3 —
6 K at their maximums. For channels 10-13, Tb increased ~2 — 4 K at their maximums. For
channels 6-9, Tb increased ~0.1 K at their maximums.

2. Adjustment of antenna-induced along-scan bias correction. This is a minor adjustment and may
result in Th changes of less than 0.1 K.

3. Adjustment of magnetic correction coefficients. This is also a minor adjustment and may result
in Tb changes of less than 0.1 K.

All of these corrections are implemented in V04 GMI L1B/Base as well as Integration and Testing
Environment 043 (ITE043) and ITE057. There were no code adjustments for these updates.

Revision 4, Version 2.0, December 2015

In this revision, using additional post-launch deep-space maneuver data, Ball Aerospace and
Technologies Corporation (BATC)/Remote Sensing Systems (RSS) revised antenna pattern
correction coefficients for some of the channels (Section 2.2). A Noise Equivalent Delta
Temperature (NEDT) computation was also added in Section 2.5.

Revision 3, Version 1.0, September 2014

In this revision, using post-launch deep-space maneuver data, BATC/RSS provided an algorithm
to correct errors induced by instrument susceptibility to magnetic fields (Section 2.4). There were
also along-scan corrections on main reflector antenna patterns (Section 2.2). Post-launch validation
(Section 2.5) was revised to include analyses of GMI antenna temperature (Ta)/Th data in the
September 2014 public release. Algorithms for detecting radio frequency interference (RFI) on
cold load were also revised (Section 2.1.5). In Section 1, spectrum response charts for all channels
were added.

Revision 2, Version 0.4, June 2014

In this revision, the GMI L1B algorithms were updated with new Ball sensor data and code updates
for the public release on June 16, 2014. Sections 2.1.5 and 2.1.6 were updated accordingly to
comply with the algorithm updates, including new Table 2.9, Maximum values for correction code
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computation, and new Figure 2.5, Sample GMI 10 GHz V channel Ta (upper) and 166 GHz V
channel Ta (lower).

Revision 1, Version 0.3, April 2014

In this revision, post-launch studies from BATC/RSS provided new tables of on-orbit hot/cold
sample ranges (Table 2.4, Hot load sampling, and Table 2.6, Cold sky sampling). Non-linearity
look-up tables (Appendix A) and diode excess temperature look-up tables (Appendix C) were
updated, and the number of scans to be averaged in multi-scan calibration was also revised (Section
2.1).
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1. INTRODUCTION

1.1 OBJECTIVE

This document describes the GMI Level 1B algorithm developed by PPS. It consists of physical
bases and mathematical equations for GMI calibration, as well as after-launch activities. The
document also presents high-level software design. Parts of this document are from the Remote
Sensing Systems (RSS) GMI Calibration ATBD and the BATC Calibration Data Book as
contributed by the BATC GMI manufactory contract. The GMI L1B geolocation algorithm is
described in a separate Geolocation Toolkit ATBD.

1.2 INSTRUMENT DESCRIPTION

GMI is a conically scanning microwave radiometer on board the GPM core satellite. The core
satellite flies in a 407-km circular orbit with a 65° inclination angle. The GMI has 13 channels at
frequencies of 10.65, 18.7, 23.8, 36.64, 89, 166, and 183.31 GHz. Except the heritage hot load and
cold load that are commonly used for linear sensor radiometric calibrations, hot noise diodes and
cold noise diodes are implemented in the GMI to determine the non-linearity and noise levels of
the measurements. Figure 1.1 and Figure 1.2 show the main components of the GMI.

Reflector Deployment
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Calibration

/ Cold-Sky Reflector

Calibration
Hot-Load

Hot-Load Stray Light
Annular Guard

Instrument Bay

RF Electronics & Feedhorns
Structure - IBS

Spin Mechanism
Assembly — SMA
(Inside IBS)

— Sunshade

Reflector Launch
Restraint (3 PL)

Instrument Control

Instrument Support Assembly - ICA

Structure - ISS

Figure 1.1. GMI instrument stowed configuration; provided by BATC.
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Figure 1.2. GMI instrument deployed configuration; provided by BATC.

Key GMI sensor data include:

Nominal altitude: 407 km
Orbital inclination: 65 deg
Spin rate: 32 rpm

Scan time: 1.875 sec

Earth swath width: 885 km
Earth viewing sector: 145 deg
Earth samples: 221
Integration time: 3.6 msec
Dish size: 1.22 m

The GMI 1Base file also includes antenna temperature of full rotation swaths (about 500 samples).
Some of the important sensor specifications can be found in Table 1.1.
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Table 1.1. Reference for important instrument and orbital parameters.

Channel | Center pol Nadir Earth Beam Footprint Cold Hot Earth Band
# Frequency Angle Incidence | width (kmxkm) samples | samples | samples | width
(GHz) (degree) | Angle (degree) perscan | perscan | perscan | (MHz)
(degree)
1,2 10.65 vih | 485 52.821 1.72 32.1x19.4 | 19/25 13/19 211/221 | 100
3,4 18.7 vih | 485 52.821 0.98 18.1x10.9 | 31/37 13/19 211/221 | 200
5 23.8 v 48.5 52.821 0.85 16.0x9.7 31/37 13/19 211/221 | 400
6,7 36.64 v/ih | 485 52.821 0.81 15.6x9.4 45/51 19/25 211/221 | 1000
8,9 89 vih | 485 52.821 0.38 7.2x4.4 45/51 25/31 211/221 | 6000
10,11 166 vih | 45.36 49.195 0.37 6.3x4.1 45/51 27/33 211/221 | 4000
12 183.31 £3 45.36 49.195 0.37 5.8x3.8 45/51 27/33 211/221 | 2000
13 183.31 £7 45.36 49.195 0.37 5.8x3.8 45/51 27/33 211/221 | 2000

For a number of samples, the first is for radar blanking on and the second is for radar blanking off.
However, the cold and hot sample tables were revised after launch (see Table 2.6 and Table 2.4
for the best samples used in calibration).

Figure 1.3 to Figure 1.15 demonstrate the typical spectral response of the 13 GMI channels.

Spectral Response for GMI Channel 1 at 19.8°C
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Figure 1.3. Band-pass and gain variation verification data for channel 1 at 19.8°C.
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Spectral Response for GMI Channel 2 at 159.8°C
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Figure 1.4. Band-pass and gain variation verification data for channel 2 at 19.8°C.
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Figure 1.5. Band-pass and gain variation verification data for channel 3 at 19.95°C.
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Spectral Response for GMI Channel 4 at 19.95°C
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Figure 1.6. Band-pass and gain variation verification data for channel 4 at 19.95°C.
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Spectral Response for GMI Channel & at 26°C
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Figure 1.8. Band-pass and gain variation verification data for channel 6 at 26°C.
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Figure 1.9. Band-pass and gain variation verification data for channel 7 at 26°C.
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Spectral Response for GMI Channel 8 at 25°C
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Figure 1.10. Band-pass and gain variation verification data for channel 8 at 25°C.
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1.3 L1B ALGORITHM OVERVIEW

The Level 1B algorithm and software transform Level 0 counts into geolocated and calibrated
antenna temperatures (Ta) and brightness temperatures (Tb). Ta is obtained by utilizing the sensor
radiometric calibration as well as various corrections based on after-launch analyses. Tb is derived
from Ta after antenna pattern correction (APC) and along-scan corrections. Figure 1.16 describes
the relationship between algorithm components and products (or output).

Radiometric
Calibration

APC and
Vicarious
Calibration

Figure 1.16. The top-level flow chart of the GMI L1B algorithm.

1.4 L1B DATA DESCRIPTION

The standard Level 1B GMI data are geolocated and calibrated microwave antenna temperature
(Ta) and brightness temperature (Tb) in two separate data files. The base Ta data file (GMIBASE)
includes all calibration parameters and measurements that are used to generate Ta and all
navigation parameters that are used to “geolocate” the pixel. The base Ta data file also includes
two full scan swaths. Four geolocated swaths in GMIBASE are as follows:

Low-frequency swath (S1, channels 1-9, 221 pixels).
High-frequency swath (S2, channels 10-13, 221 pixels).
Full low-frequency swath (S3, maximum 500 pixels).
Full high-frequency swath (S4, maximum 500 pixels).

el A =

The Tb data file (LBGMI) includes all parameters for corrections of Ta. 1BGMI only has S1 and
S2 swaths. Both GMIBASE and 1BGMI include sufficient information to reverse the calibration
process.

Standard L1B data are in the format of a full orbit (about 90 minutes). Realtime L1B data are
processed in a 5-minute time period.

10
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2. CALIBRATION ALGORITHM

2.1 RADIOMETRIC CALIBRATION

The GMI sensor spins continuously. In each complete rotation, the sensor measures Earth radiation
in a section of 140 degrees. Beyond 140 degrees up to 145 degrees, the sensor may also take valid
Earth measurements if applicable. The other section of the rotation is used for calibration purposes.
For channels 1-7, operational GMI has a calibration cycle that repeats every two scan rotations. In
the first scan rotation, noise diodes are turned off and the cold sky and the hot load are sampled
for the purpose of radiometric calibration. In the second rotation, noise diodes are turned on and
the cold sky plus noise diode and hot load plus noise diode are sampled for 10-37 GHz channels.
The two-scan calibration cycle provides four calibration points to calculate not only the gain and
offset of the receivers, but also the excess noise temperature of the noise diodes and the
nonlinearity of the receivers. For other channels (89 GHz to 183 GHz), all scans have a scan-by-
scan calibration cycle (collecting hot and cold calibration data only for all scans). The calibration
assembly configuration is shown in Figure 2.1. Cold sky reflector and hot load are stationary. They
do not rotate with the instrument. The hot load tray mounts to the deck and rotates with the
instrument.

Cold-Sky Reflector

/ 2203161-500

Calibration Support Structure

2205841-500 Hot-Load

2203140-500

De-Spin Mechanism
2205891-500

Hot-load Tray /

2205816-500

Calibration LR
2205830-500

Figure 2.1. Calibration assembly configuration; taken from BATC data book.

The GMI uses a non-linear three-point in-flight calibration to derive antenna temperature. The four-
point calibration is used to monitor the sensor non-linearity and to calibrate when hot load
measurements are not available for the 10-36 GHz channels.

2.1.1 Non-linear Radiometric Calibration

If the transfer function is perfectly linear, two calibration points (hot and cold loads) would
uniquely determine the state of the Earth observation. However, in reality, they are slightly
nonlinear. Figure 2.2 shows a schematic diagram of the GMI nonlinear calibration approach as
compared to the traditional linear calibration in the TRMM Microwave Imager (TMI).
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-

Mon-Linear Th
GMI

Linear TMI

| ,
!

[e X, H

Figure 2.2. Schematic diagram of GMI non-linear calibration.

Equation (2.1) shows the GMI non-linear calibration equation for each of the 13 GMI channels.
This is a quadratic radiometric transfer function.

Ta = X*Th + (1-X)*Te - 4*Tni *X*(1-X) (2.1)

where:

Ta: antenna temperature for each pixel of the scan.

Th: mean hot load temperature of the scan; Tc: mean cold sky temperature of the scan.

Tni: peak non-linearity generated from look-up table or computed from four-point calibration.
X=(C- Cc)/ (Cn - Cc): radiometer response.

C: Earth view count of the pixel; Cc: mean cold load count; Ch: mean hot load count.

The PPS L1B algorithm uses a more conventional form (2.2) derived from the above basic equation
(2.1) such that PPS will be able to trend gain, offset, and nonlinearity against the Earth view counts.

Ta= (b +bn) + (a+ an)C + cnC? (2.2)

a=(Tn-Tc)/ (Cn- Cc): gain in linear equation.
anl = - 4 Tni (Ch + Cc)/(Ch - Cc)? = -ua? (Cn + C¢): gain due to non-linearity.

U=4Tn/(Th- Tc)? (2.3)

b =(CnhTc-CcTh)/ (Ch- Cc): offset in linear equation.

bni = ua? Cn Cc: non-linear offset.

cnl = Ua?: non-linear gain.

Look-up tables of u are provided by the sensor manufacturer as a function of receiver gain and

receiver temperature (see Appendix A). Four-point calibration also computes the u in the algorithm
but outputs it in Tni format. All of these coefficients are written out in the data products such that
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one may easily retrieve the count back from Ta. The algorithm can switch between equation (2.2)
and equation (2.1). The nonlinearity term of equation (2.1) can be expanded as:

Ta" = - 4*Tn *Xi*(1-Xi) = b + anC + cniC?=ua? (ChCc-(Ch+C)C+ CZ)

= ua?(C-Cn )(C-C¢) (2.4)
with tie points at Ch and Ccand maximum nonlinearity point at C = (Ch + Cc)/2.
For a typical 36 GHz V channel with high gain, assume T.=3K, Th=300K, C.=20351, Ch=38104,
u=-2.388E-5. We can derive the maximum ua? (C-Ch )(C-Cc ) = 0.5266 K at C=(Cn +
Cc)/2=29772.
The nonlinearity is also calculated on-orbit by the four-point calibration method for 10-36 GHz
channels. If nonlinearity drifts a statistically significant amount, the data can be updated using on-

orbit trending.

2.1.2 Hot Load View

The hot load consists of a non-rotating calibration target that intercepts the line-of-sight between
the feed horns and the main reflector as the feed horns pass beneath the hot calibration load during
each scan. The temperature of the hot load is passively controlled and will be between 240 K and
330 K over all on-orbit conditions. Figure 2.3 shows the GMI hot load calibration target. The load
is sized to allow a minimum of four measurements per view for all channels. The hot load is
sampled multiple times per rotation of the main reflector.

At a certain point and time, sunlight may strike the hot load and cause additional gradients that
cause its effective temperature to deviate from what the platinum resistance thermometers (PRTs)
read. The GMI hot load is designed to minimize such effect. However, it will still need to be
analyzed during the post-launch calibration and validation.

Figure 2.3. GMI hot load; taken from GMI PDR day 4-5: Calibration assembly (Randy Keller).

Hot load temperature Th for scan in:
The mean hot load temperature for each scan is determined by the following equations:

Resistance of the PRT: Rt=(Ct-Cio)(Rni — Ri0)/(Chi-Cio) + Rio (2.5)
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Resistances of high calibration resistor Rni = 2800.08 (preliminary), and low resistor Rjo = 1500.04
(preliminary) for the 11 PRTSs.

Cr, Chi, Cio are raw counts of the PRT, high-calibration resistor, and low-calibration resistor
retrieved from telemetry.

Temperature of the PRT: Tt = Yxa(k)Rr (in °C) (2.6)

Following is a table to show typical Chi, Cio, and a(k) (k=0,1,2,3,4,5). However, Chi, Co are actually
read from telemetry for each scan and may deviate from their typical values.

Table 2.1. PRT temperature coefficients.

a(0) a(l) a(2) a(3) a(4) a(b)

-260.3268548 0.162461012 -4.58202E-05 2.52991E-08 -6.611E-12  6.92314E-16
-256.6634276 0.153105919 -3.64844E-05 2.06898E-08 -5.48131E-12 5.82286E-16
45201.6 10033.94 -229.1336105 0.081543673 3.70996E-05 -1.71872E-08 4.26292E -12 -4.19728E-16
HL8 45201.6 10033.94 -239.1461698 0.10633824 1.27543E-05 -5.16554E-09 1.28903E-12 -1.24749E-16
HL9 45201.6 10033.94 -265.1250734 0.172522043 -5.44843E-05 2.87902E-08 -7.24365E-12 7.28819E-16
HL10 45201.6 10033.94 -227.5221504 0.080916951 3.41126E-05 -1.36997E-08 2.84902E-12 -2.20101E-16

PRT# Chi
HL1
HL2
HL7

Clo
45201.6 10033.94
45201.6 10033.94

HL11 45201.6 10033.94
HL12 45201.6 10033.94
HL13 45201.6 10033.94

-173.9211332 -0.056511813 0.000174168
-220.8544276 0.062438765 5.3899E-05

-8.47823E-08
-2.41548E-08

-231.8990945 0.08994359

2.70811E-05 -1.12182E-08

2.08193E-11 -2.03058E-15
5.58068E-12 -5.02863E-16
2.51066E-12 -2.1678E-16

HL14 45201.6 10033.94
HL15 45201.6 10033.94

-247.547878 0.127616967 -8.95689E-06 5.78887E-09
-241.1117667 0.113170615 3.50976E-06 6.80404E-10

-1.44903E-12 1.46345E-16
-4.94577E-13 8.72336E-17

Scan average and tray correction:

Scan hot load temperature Tave (i), 1=1,2, is split into two categories. Ttave (1) is averaged over
PRT #1 and #8-10 for the use of 10, 166, and 183 GHz channels. Ttave (2) is averaged over PRT
#2 and #11-14 for the use of 18, 23, 36, and 89 GHz channels. PRT #7 (base) and PRT #15 are not
used in calibration. Figure 2.4 demonstrates the geometry of the GMI hot load.

\ /-

HL_TEMP_8 (2-wire, tip)

N

HL_TEMP_1 (4-wire, tip)
yEMPj (2-wire, base)
| VR 14

4= =
’_I - | \\ _le/'\\\ |
‘ HL TEMP 2 (4-wire, tip) 7 : :
+ HL_TEMP_9 (2-wire, tip)
A\ .
\ -
s ‘ o 1

HL_TEMP_10 (2-wire, tip) 1
4X NAS1130-04L15 INSERT

— {5] 3 PLACES
| ~aen

10, 166, 183 GHz

ﬁg-w RE PR
050

! N

| HL TEMP_11 (2-wire, tip)
<0450 |
) )
I J‘% g%%
il

I P

| HL_TEMP_12 (2-wire, tip)

HL_TEMP_15 (2-wire, tip)

HL_TEMP_13 (2-wire, tip) 3

e

18, 23, 36, 89 GHz
Figure 2.4. GMI hot load geometry.

| HL_TEMP_14 (2-wire, tip) |

Approximate
Arcs

2% 3.250
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Correction using hot load tray temperature:

Thscan(i) =Wo + W1 TTave(i) + Uo+ Uz(TTtray - TTave(i)) + U2(TTtray - Trave(i ))2 + U3(TTtray - TTave(l ))3(2.7)
b(j), wo, W1, Uo, Uz, Uz, us for all channels are summarized in Table 2.2 (revised).

Table 2.2. Cubic correction coefficients for hot load temperatures.

Frequency (GHz) pol w0 wl u0 ul u2 u3

10.65 Vpol 0.000 1.000 0.006 0.001842 8.64057E-06 1.43994E-08
10.65 Hpol 0.000 1.000 0.006 0.001842 8.64057E-06 1.43994E-08
18.7 Vpol 0.000 1.000 0.034 0.005192 2.55512E-05 4.56092E-08
18.7 Hpol 0.000 1.000 0.034 0.005192 2.55512E-05 4.56092E-08
23.8 Vpol 0.000 1.000 0.039 0.006980 3.41741E-05 6.07519E-08
36.64 Vpol 0.000 1.000 0.061 0.007250 3.50306E-05 5.9566E-08
36.64 Hpol 0.000 1.000 0.061 0.007250 3.50306E-05 5.9566E-08
89 Vpol 0.000 1.000 0.078 0.009411 4.39606E-05 6.89555E-08
89 Hpol 0.000 1.000 0.078 0.009411 4.39606E-05 6.89555E-08
166 Vpol 0.000 1.000 0.055 0.008895 4.30404E-05 7.46213E-08
166 Hpol 0.000 1.000 0.055 0.008895 4.30404E-05 7.46213E-08
183.3£3 Vpol 0.000 1.000 0.055 0.008895 4.30404E-05 7.46213E-08
183.3 £7 Vpol 0.000 1.000 0.055 0.008895 4.30404E-05 7.46213E-08

Resistance of the tray: R’1=(C’1-C’10)(R’hi — R’10)/(C’hi-C’10) + R’10 (2.8)

Resistances of high calibration resistor R’y = 3157 (preliminary), and low resistor R’jo = 1195
(preliminary) for the tray.

C’t, C’ni, C’ip are raw counts of the tray, high-calibration resistor, and low-calibration resistor
retrieved from telemetry.

Temperature of the tray: Tr=Yxa(k)R**r  (in °C) (2.9)

Following is a table to show how typical C’ni, C’10, and a(k) (k=0,1,2,3,4,5). C’ni, C’1o are read from
telemetry.
Table 2.3. Tray temperature coefficients.

C’hi Clo a(0) a(l) a(2) a(3) a(4) a(b)
58170.308 7706.137 -238.3771643  0.108516065 7.18387E-06 -1.12508E-09 8.5039E-14 2.92338E-18

Average over multi-scans:
Since the hot load counts are multi-scan averaged, it is preferable that the hot load temperature is
averaged over the same number of scans.

Th:Zik(i) Thscan(i) /Zik(i)

Thare averaged over 16 scans for channels 1-4, index scan -7 to +8 scans, over 14 scans for channel
5, index scan -6 to +7 scans, over 12 scans for channels 6-7, index scan -5 to +6 scans, over 5 scans
for channels 8-13, index scan and 2 scans.

Hot load count for scan in is determined by equation (2.10).
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The hot load counts are corrected for errors induced by Earth’s magnetic field before they are
processed for calibration (see Section 2.4).

Ch =(ZiZ; K(i,j) Chor(i,))/ZiZ; k(i j) (2.10)

j=1,2,3, ... nnot . Nhot IS the number of hot samples of each scan for each channel.
i =in— Nh, in— Nh+1 in— Nnt2, ..., in+ Nh. inis the scan number of the granule to be calibrated
and 2Nn +1 is the number of scans within the screen window.

The hot load sampling tables are shown as follows. However, the best table is used in the code.

Table 2.4. Hot load sampling.

Nominal Sample Table Sparel Sample Table Best Samples to Use
(Revised by or-orbit data)
Frequency Hot Start Hot End Hot Start Hot End Hot Start Hot End

10 GHz 272 282 269 285 273 283
18 GHz 306 316 303 319 307 317
23 GHz 306 316 303 319 306 318
36 GHz 352 366 349 369 352 367
89 GHz 327 346 324 349 325 347
166 GHz 315 339 312 342 320 335
183 GHz 329 353 326 356 330 350

Collect data when the noise diode is off.

For channels 1-4, Cnare averaged over 8 scans. If the diode is off for the index scan in (index scan):
in, Int2, int4, int6, in+8. If the diode is on for the index scan: int1, inx3, int5, inx7. For channel 5,
Chare averaged over 7 scans. If the diode is off for the index scan in (index scan): in, int2, int4,
inx6. if the diode is on for the index scan: intl, in£3, int5, in+7. For channels 6-7, Chare averaged
over 6 scans. If the diode is off for the index scan in (index scan): in, int2, int4, in+6. If the diode
is on for the index scan: inx1, in£3, inx5. For channels 8-13, Cn is always averaged over five scans:
in, ini’l, |n'|_'2

Hot load + noise diode counts for scan in:
The hot load + noise diode counts are corrected for errors induced by Earth’s magnetic field before
they are processed for calibration (see Section 2.4).

Chn =(ZiZ K(1,J) Chot+diode(i,]) )/ZiZj K(i,]) (2.11)
Collect data when the noise diode is on.

For channels 1-4, Cnn are averaged over 8 scans. If the diode is on for the index scan in (index
scan): in, int2, int4, int6, in+8. If the diode is off for the index scan: intl, int3, int5, int7. For
channel 5, Cnn are averaged over 7 scans. If the diode is on for the index scan in (index scan): in,
int2, int4, int6. If the diode is off for the index scan: intl, in+3, int5, in+7. For channels 6-7, Chn
are averaged over 6 scans. If the diode is on for the index scan in (index scan): in, inx2, int4, in+6.
If the diode is off for the index scan: int1, in£3, int5.
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Bad-case handling:

The mean and variance of hot load counts and hot load + noise diode counts are computed for each
granule. The algorithm takes mean + 3 sigma (6 sigma if variance is small) as valid values. If
certain scans are missing or invalid, the algorithm will continue to the next scan until the number
of scans to be averaged is equal to the number described above for all channels. However, the
maximum number of scans to be searched is 20. If there is no valid hot load information within
+10 scans, the algorithm will perform linear interpolation using the closest scans before and after
the index scan and set the calibration quality flag to non-zero (0 indicates good calibration). If
there is no hot load information within 200 scans, the algorithm will either use the hot load backup
algorithm if cold sky measurements are available, or else generate missing Ta/Th data for this scan.

2.1.3 Cold Sky View

The cold calibration point is provided by the cold sky reflector (CSR), which allows the feed horns
to view targets with a temperature of approximately 2.7 K. The cold sky view is also sampled
multiple times per rotation of the main reflector and over multiple rotations of the main reflector.
Table 2.5 shows mean cold sky temperature T for all GMI channels.

Table 2.5. Mean cold sky temperature T¢ for all GMI channels.

Frequency 10.65 18.7 23.8 36.64 89.0 166.0 183.31
(GHz)

Cold Load | 2.74 2.75 2.77 2.82 3.27 4.43 4.76
Temperature

Cold load counts for scan in:

The cold load counts are corrected for errors induced by Earth’s magnetic field before they are
processed for calibration (see Section 2.4). The mean cold sky count is determined by equation
(2.12).

Ce =(ZiZ k(i,))Ceota(i,))/ZiZi k(i,)) (2.12)
j=1,2,3, ... ncold. Ncold IS the number of cold samples of each scan for each channel.

i =in—Nh, in— Nn+1 in—Np+2, ..., In+ Nn. inis the scan number of the current scan to be calibrated
and 2Nh +1 is the number of scans within the screen window. Collect data when the noise diode
is off. The cold load sampling tables are shown as follows. However, the best table is used in the
code.

Table 2.6. Cold sky sampling.

Nominal Sample Table  Sparel Sample Table Best Samples to Use*
(Revised based on on-orbit data)
Frequency Cold Start Cold End Cold Start Cold End  Cold Start Cold End

10 GHz 340 353 337 356 342 368
18GHz 368 393 365 396 390 410
23GHz 368 393 365 396 388 408
36 GHz 418 459 415 462 437 460
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89GHz 392 433 389 436 410 440
166 GHz 381 422 378 425 392 442
183 GHz 395 436 392 439 398 452

Collect data when the noise diode is off.

For channels 1-7, Ccis averaged over 5 scans. If the diode is off for the index scan in (index scan):
In, Inx2, int4. If the diode is on for the index scan: int1, int3, in+5. For channels 8-13, Ccis averaged
over five scans: in, int1, int2.

Cold load + noise diode counts for scan in:
Cen =(ZiZj K(i,j) Ceold+diode(i,]) )/ ZiZi k(i,]) (2.13)

The cold load + noise diode counts are corrected for errors induced by Earth’s magnetic field
before they are processed for calibration (see Section 2.4).

Collect data when the noise diode is on.

For channels 1-7, Ccn are averaged over 5 scans. If the diode is on for the index scan in (index
scan): in, int2, int4. If the diode is off for the index scan: intl, int3, int+5.

Bad-case handling:

The cold sky view is a more complex combination of sources than the hot load. Contributions other
than from cold space come from reflections and emission from the instrument. There is also Earth
view intrusion into the cold sky view primarily through the backlobe of the CSR. The backlobe
looks at the main reflector, which sees the Earth. The CSR is tilted up at an angle sufficient that
little contamination comes from the Earth directly.

Due to the orbital and cold sky view geometry, the Moon may intrude into the cold sky view. This
lunar intrusion has been clearly observed by many other satellite microwave radiometers that
employ cold sky calibration (SSMI, SSMI/S, TMI, AMSR, and WindSat). The calibration
algorithm will remove as much as possible of the contaminations of the cold sky view.

The mean and variance of cold sky counts and cold sky + noise diode counts are computed for
each granule (if Moon index is set, the value will be excluded to compute mean and variance). The
algorithm takes mean + 3 sigma (6 sigma if variance is small) as valid values. If certain scans are
missing or invalid, the algorithm will continue to the next scan until the number of scans to be
averaged is equal to the numbers described above for all channels.

However, the maximum number of scans to be searched is 20. If there is no valid cold load
information within £10 scans, the algorithm will perform linear interpolation using the closest
scans before and after the index scan and set the calibration quality flag to non-zero (0 indicates
good calibration). If there is no cold load information within 400 scans, the algorithm will generate
missing Ta/Th data for this scan.
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2.1.4 Nonlinearity

Nonlinearity is determined by receiver gain and receiver temperature. Receiver gain is read from
telemetry and determined by the following table.

Table 2.7. Receiver gain settings.

Channels low gain normal gain  high gain
10 GHz 6 4 2
18 GHz 6 4 2
23 GHz 6 4 2
36 GHz 6 4 2
89 GHz 6 4 2
166 GHz 4 2 1
183 GHz 5 4 3

Receiver temperatures are retrieved using a similar way of retrieving tray temperature.
Resistance of the receiver: R’1=(C’1-C’10)(R’hi — R’10)/(C’hi-C’10) + R’10 (2.14)

Resistances of high-calibration resistor R’y = 3157 (preliminary), and low-calibration resistor R’jo
= 1195 (preliminary) for the tray.

C’t, C’ni, C’1o are raw counts of the tray, high-calibration resistor, and low-calibration resistor
retrieved from telemetry.

Temperature of the receiver: Treceiver = Y xka(K)R 7 (in °C) (2.15)

Following is a table to show typical C’hi, C’1o, and a(k) (k=0,1,2,3,4,5). C’ni, C’io are read from
telemetry.
Table 2.8. Receiver temperature polynomial coefficients.

Freq C’ni Clo a(0) a(l) a(2) a(3) a(4) a(d)
10GHz 58170.308 7706.137 -235.8509438 0.099626991 1.74703E-05 -6.44468E-09 1.37026E-12 -1.1467E-16
18GHz 58170.308 7706.137 -236.0646535 0.100765016 1.63998E-05 -6.02941E-09 1.29013E-12 -1.08618E-16
36GHz 58170.308 7706.137 -236.2001883 0.100808265 1.64408E-05 -6.03744E-09 1.29008E-12 -1.08434E-16
36GHz 58170.308 7706.137 -236.0667138 0.100417622 1.67243E-05 -6.14661E-09 1.31071E-12 -1.09965E-16
89GHz 58170.308 7706.137 -236.1859287 0.100662332 1.65911E-05 -6.10118E-09 1.30393E-12 -1.09648E-16
166GHz 58170.308 7706.137 -236.2362645 0.100930691 1.63367E-05 -6.00249E-09 1.28482E-12 -1.08198E-16
183GHz 58170.308 7706.137 -236.1070635 0.100466029 1.67138E-05 -6.13536E-09 1.30677E-12 -1.09468E-16

Look-up tables of u are provided by the sensor manufacturer as a function of receiver gain and
receiver temperature (see Appendix A) for all channels. u is also computed from the four-point
algorithm for trending and comparisons.
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2.1.5 Moon and RFI Corrections

Moon Correction:

The geolocation tool computes the Moon vector Vmoon for each scan in the GMI coordinate system
(GICS). The algorithm computes the angle (0) between Moon vector and cold beam pointing
vectors Veold in the GICS for all cold view samples.

€080 = Vmoon . Vcold /( | Vmoon || Vcold | ) (2.16)

:[ Vmoon(X) Vcold(X) + Vmoon(y) Vcold(y) + Vmoon(Z) Vcold(Z) ]/{[( Vmoon(X)2 + Vmoon(y)2 +
Vmoon(Z)Z]llz[( Vcold(X)2 + Vcold(y)2 + Vcold(Z)z]llz}

If © < 6 degrees, the algorithm sets the Moon index to non-zero and the cold sample is excluded
for calibration. If the Moon index is set for a large section of the swath ( > 20 scans), the algorithm
will use valid scans before and after the event to perform linear interpolation.

Appendix B provides the look-up tables of cold beam pointing vectors (revised). The following
figures show an example of Moon flags, and scan averaged cold counts before correction and after
correction. Figure 2.5 is the index from production for low-frequency swath channels. The value
of index is the number of cold samples contaminated by the Moon’s light. The intrusion occurred
around scans 2200 to scans 2400 for 18, 23, 36, and 89 GHz channels. Figure 2.6 shows the spikes
of mean cold counts around this area before corrections. Figure 2.7 shows the results from the
current version, and the spikes due to Moon intrusion are removed.

147500
1C.5SCG00

5.25C00

6% L&)

Figure 2.5. Moon flags for S1, indicates Moon intrusions onto 18 GHz to 89 GHz channels.
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Figure 2.6. Scan cold counts of 36 GHz H channel with no Moon correction in VO1D data.

Figure 2.7. Scan cold counts of 36 GHz H channel with Moon correction in VO3A data.

RFI Correction:

There are two RFI flagging methods in the algorithm. One is a simple limit check based on
minimum cold count of the scan assuming that the intrusion is only to part of the cold sample
sections. If the whole scan is contaminated, the scan is labeled as bad calibration and will be
handled by bad-case handling as described in Section 2.1.3.

The simple limit check method first determines the lowest value from all cold samples of a scan.
The code then computes the maximum cold count value derived from the following table:

Table 2.9. Maximum gradients of cold counts within each scan.

Channels: 1 2 3 4 5 6 78 910 11 12 13
Cold Offset 130122 118132 78 78 787878198 198 198 198
Cold + NoiseD Offset 240232 202 198 122 116 112

Maximum value = Lowest value + offset. If a cold sample within this scan is larger than the
maximum value, it will be flagged (to non-zero). This method tends to under-flag the radio
frequency interference (RFI) cold samples by about 20%.
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The other method is based on the iterative mean comparison/dilation method. The method is quite
complicated and has the following steps:

Step 1: Scan averaging — Create a scan average, ignoring data that already have been flagged. On
the first iteration, all data will be included. First, the data are averaged over the cold samples within
each scan; then, multiple scans are averaged together. For channels with noise diodes, this is done
separately for the cold and cold + noise scans. In this version, three effective scans are used for all
channels.

Step 2: Removal of scan average — For each sample within the each scan, the scan average from
step 1 is removed.

Step 3: Cold swath flattening — This is done for each along-scan cell position by taking the median
across all scans of the orbit. The computed variation is then subtracted from the result of step 2.
This step provides additional sensitivity by removing scan-repeating variations.

Step 4: Thresholding — All cold samples from the result of step 3 are compared to a pre-determined
threshold for each channel and noise diode state (Table 2.10). Data exceeding the threshold or that
have been flagged on a previous iteration are flagged.

Step 5: Robust dilation — This step widens and fills in the flagged region. For each cell, if at least
k cells in the surrounding m x n region are flagged, then that cell is additionally flagged. If less
than k cells are flagged, then the cell is set to unflagged. This method will unflag spurious noise
measurements, allowing the user to set the thresholds in step 4 below 3-sigma, providing higher
sensitivity.

Step 6: Iterate — Repeat steps 1-5 for a specified number if iterations.

Table 2.10. Cold counts threshold of second RFI flagging method.

Channel Cold count | Cold+noise | Coldscan | Number of Dilation |Dilation
threshold count average scans| lterations window  jnumber of
threshold (Msamp X Nscan) [SaMPples
threshold (k)

10V 24.0 62.0 3 3 3x15 5
10H 24.7 62.0 3 3 3x15 5
18V 27.3 57.4 3 6 3x15 5
18H 25.0 55.1 3 6 3x15 5
23V 23.9 40.0 3 3 3x15 5
36V 22.9 36.8 3 3 3x15 5
36H 22.9 36.3 3 3 3x15 5
89V 22.6 3 3 3x15 5
89H 21.0 3 3 3x15 5
166V 56.8 3 3 3x15 5
166H 55.1 3 3 3x15 5
183VA 54.5 3 3 3x15 5
183VvB 49.0 3 3 3x15 5
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The second method with the chosen thresholds tends to over-flag the cold sample about 20-30%.
The algorithm actually uses both flagging methods to determine the final flagging value of a cold
sample. If a sample is flagged (to non-zero) by the first method, the sample is flagged as an RFI
sample. If a sample is flagged by the second method but not by the first method, the code searches
a window of 15 samples by 61 scans to see if any of the cold samples in the window are flagged
by the first method. If one or more cold samples within the window are flagged by the first method,
the sample is flagged; otherwise, the sample is not flagged. If a cold sample is flagged, the sample
is excluded from calibration.

The following figures show the results before and after the correction. Figure 2.8 is the index from
production for the 18 GHz H channel. The total cold sample number is 21 for this channel. The
intrusion occurred around scan 2400 to scan 2500. Figure 2.9 shows the spikes of mean cold counts
around this area before corrections. Figure 2.10 shows the results from the current version, and the
spikes due to warm RFI intrusion are removed.

Figure 2.8. Cold samples that are flagged as warm intrusions for 18 GHz H channel.
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Figure 2.9. Scan cold counts of 18 GHz H channel with no correction in VO1D data.

Figure 2.10. Scan cold counts of 18 GHz H channel with RFI correction in ITE0O1 data.
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2.1.6 Earth View

A forward section of about 145° is used to view the Earth targets. The normal data have 221
samples for each scan. However, in cases when the data beyond 140° are useful, one scan may
have more than 221 pixels. The data beyond the normal Earth view range can be retrieved from
GMIBASE full rotation antenna temperatures. Due to the difference of incidence angles between
lower frequency (channels 1-9) and high-frequency (channels 10-13) channels, the swath widths,
as well as the geolocations of the two groups, are different. Figure 2.11 shows antenna

temperatures of 10 GHz V (low-frequency swath) and 166 GHz V (high-frequency swath)
channels.
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